Cancer stem cells (CSCs) play important roles in occurrence, development, recurrence and metastasis of cancer. Isolation and identification of CSCs have been performed from some cancer tissues or cells. In this paper, human lung adenocarcinoma stem cells were induced and isolated from SPC-A1 cells and their characteristics were determined. SPC-A1 cells were cultured in serum-free medium and epidermal growth factor and basic fibroblast growth factor were added into the medium to induce the formation of multicellular tumor spheroids. The results showed that floating multicellular tumor spheroids (named pulmospheres) were formed 5-10 d after the induction of SPC-A1 cells. Real-time PCR analysis showed that in the pulmospheres, the marker of bronchioalveolar stem cells, Clara cell secretary protein and the marker of AT2 cells, alveolar surfactant protein C were highly expressed. Furthermore, such embryonic stem cell markers as octamer-binding transcription factor 4 (OCT-4), Bmi-1, and thyroid transcription factor -1 (TTF-1) were also highly expressed. Some miRNAs as hsa-miR-126, hsa-miR-145, hsa-let-7g, hsa-let-7d, hsa-let-7c, hsa-let-7e and hsa-miR-98, which were lowly expressed in SPC-A1 cells, were not expressed in the pulmospheres. Cell cycle analysis showed that 94.29 % of the pulmosphere cells were in G1 stages. Further study showed that these cells possessed higher proliferation and invasion activity than SPC-A1 cells. Tumorigenicity activity experiments on BALB/c nude mice showed that 1 × 10 3 of the pulmosphere cells could form tumors with similar pathological features with lung adenocarcinoma. In conclusion, lung adenocarcinoma stem cells were enriched in the pulmosphere cells and were with high tumorigenicity.
Adenocarcinoma is the most common type of lung cancer, which accounts for 20-30% of all types. Most lung adenocarcinomas originate from smaller bronchial epithelial cells which secret mucus [1] . Based on expression profiles of 293 genes in 90 cases of lung adenocarcinoma, adenocarcinomas were divided into terminal respiratory unit (TRU) type and non-TRU type [2] . TRU-type adenocarcinoma normally originates from Clara cells and alveolar type II cells at the terminal bronchioles, and is characterized by expression of thyroid transcription factor -1 (TTF-1) and lung surfactant protein [3] . While non-TRU-type adenocarcinoma normally originates from bronchial basal cells and mucus-secreting cells.
In the past 20 years, cancer stem cell (CSC) hypothesis stipulated that primary tumors were initiated and maintained by a small subpopulation of cancer cells that possess "stem-like" characteristics [4] . These cells (termed CSCs) are slowly dividing, highly chemoresistant and capable of tumor progression [5] . They play important roles in cancer occurrence, development, recurrence and metastasis [6] . Therefore, identification and control of CSCs are important for the prevention, early detection, diagnosis and treatment of cancers. In 1994, Lapidot et al [7] first identified leukaemia-initiating cells, and other CSCs have been identified from other tissues. However, the CSCs for lung cancer have not been identified till 10 years later. In 2005, at the bronchioalveolar duct junction, Kim et al isolated a stem cell population, termed bronchioalveolar stem cells (BASCs) [8] . BASCs exhibited self-renewal and were multipotent in clonal assays, and expanded in response to oncogenic K-ras in culture and in precursors of lung tumors in vivo. These findings suggested that BASCs formed stem cell population maintaining the bronchiolar Clara cells and alveolar cells of the distal lung and that their transformed counterparts gave rise to adenocarcinoma. Then, Ho et al showed that CSCs of lung cancers (including lung adenocarcinoma) were enriched in side population, and that they expressed ATP-binding cassette transporter [9] . However, Eramo's report showed that CSCs of lung cancers were CD133 + cells [10] . The methods used and the conclusions acquired about the characteristics and origins of adenocarcinoma stem cells are not consistent [8] [9] [10] [11] . So separation and identification of adenocarcinoma stem cells remain to be the focus of researches.
In this paper, we acquired monoclonal SPC-A1 cells by using limited dilution method [11] . Then we induced the formation of multicellular tumor spheroids by adding growth factors. To determine whether these multicellular tumor spheroids contained CSCs, expression levels of CSC markers were assayed, and cell cycle analysis performed, and proliferation, invasion and tumorigenicity activity determined.
Materials and methods
Cells. Lung adenocarcinoma SPC-A1 cell line was purchased from China Center for Type Culture Collection (Wuhan, China), and cultured in RPMI-1640 medium (Gibco) supplemented with 10% fetal bovine serum (Hyclone).
Acquisition of monoclonal SPC-A1 cells. Preparation of monoclonal cells was performed as Zheng et al [11] with minor modifications. Logarithmic phase cells were digested with 0.25% trypsin (Gibco) and centrifuged at 200 g for 5 min. Then the cells were resuspended in RPMI-1640 medium, diluted to 10 cells per ml and inoculated into wells of 96-well plate with 100 μl per well. Twenty-four h later, only the wells with one cell in each well were reserved and cultured for 2 weeks. Then the clones were inoculated into new wells of 96-well plates to generate new clones. Induction of multicellular tumor spheroids. Monoclonal SPC-A1 cells were suspended in DMEM/F12 medium, adjusted to 1 × 10 4 cells per ml and inoculated into wells of 24-well plates. Such growth factors as B-27, epidermal growth factor (EGF, 20 ng/ml, PeproTech), basic fibroblast growth factor (bFGF, 10 ng/ml, PeproTech), and methyl cellulose (MC, 0.8%, Sigma) were added into the medium. The cells were cultured till the formation of multicellular tumor spheroids. Then the first generation of multicellular tumor spheroids were digested and inoculated into new wells till the formation of second and third generations of spheroids.
Quantitative RT-PCR analysis. Cells were collected and RNA isolated by using Trizol reagent (Gibco). 1 μg of RNA was reverse transcripted to cDNAs which were suitable for quantitative RT-PCR analysis by using ExScript RT-PCR kit (Takara, Japan). Oligonucleotide primers for OCT4, CCSP, SP-C, Bmi-1, TTF-1, ABCG2 and GAPDH quantitative RT-PCR were designed according to their sequences ( Table 1 ). All amplification and detection were carried out using cDNAs described above and ExScript SYBR green QPCR kit (Takara, Japan) in the Applied Biosystems Prism 7000 system (Foster City, CA). The program is as follow: 95°C/5 min, 1 cycle; 95 °C/15 s, 55 °C/30 s, 72 °C/30 s, 40 cycles, followed by a 30 min dissociation curve collection for verifying the primer dimers. For the detection of miRNAs, 5 μg of RNA was polyadenylated at 37 °C for 20 min by poly (A) polymerase. Primers for mature hsa-miR-126, hsa-miR-145, hsa-let-7g, hsa-let-7d, hsa-let-7c, hsa-let-7e, hsa-miR-98 and U6 were purchased from Ambion Company, with U6 snRNA as the internal control.
Cell cycle assay. 1 × 10 6 of cells in logarithmic growth phase were centrifugated at 300 g for 5min, washed with cold phosphate-buffered saline (PBS) twice and resuspended in 3 ml of ice-cold 70 % ethanol overnight. Then the suspension was centrifugated at 300 g for 5 min, washed with cold PBS twice and resuspended in 1 ml of 50 μg/ml propidium iodide solution for staining at dark at 4 o C for 30 min. Then 10 μg/ml of RNaseA was added into the suspension and cycle distribution was measured by flow cytometry.
Cell proliferation assay. MTT (4, 5-demethylthiazol-2, 5-diphenyl-2H-tetrazolium bromide) method was used to as- Table 1 Primers for real-time PCR
say the proliferation activity of SPC-A1 and the pulmosphere cells. The cells were cultured to 70% surface of the well of 6-well plates, collected and numbered, and 2.5 × 10 3 cells were seeded into each well of 96-well plates. Then MTT values of wells were determined each day and proliferation curve was prepared.
Transwell invasion assay. Wells of 8 μm pore size Transwell plates (Corning, USA) were coated with 30 μl of diluted Matrigel and incubated at 37 o C for 30 min for solidification. Wells of 24-well plates were added 750 μl of DMEM/F12 medium supplemented with 10% FBS. Then the wells of Transwell plates were placed into the wells of 24-well plates. 500 μl of the cells (adjusted to 3 × 10 5 /ml) were added into the Transwell wells. After incubation at 37 o C for 48 h, the Transwell wells were removed. The cells crossed through the Matrigel into the wells were fixed with methanol. Then 1 ml of 3% acetic acid was added to disrupt the cells and the absorbance was measured at 570 nm wavelength.
Determination of tumorigenic activity in nude mice. Cells which were harvested by trypsinization and adjusted to proper concentration in PBS were injected at a single subcutaneous site at left armpit into each 4 week-old nude mouse (BALB / c, Experimental Animal Center of Sun Yat-Sen University). All mice were examined regularly for development of tumors till the tumor diameter was more than 1 cm or the experiment period reached 60 d. The mice were sacrificed by cervical method and the tumors were removed. Part of tumor tissue was fixed with formalin and embedded in paraffin. Paraffin sections were used for HE staining.
Statistical analysis. All analyses were performed using the SPSS17.0 software. Quantitative data were presented as mean ± SD. Differences between means were evaluated by analysis of variance of factorial design for cell proliferation, cell cycle and invasion assay, while by one-factor analysis of variance (one-way ANOVA) for fluorescence quantitative PCR. P < 0.05 was considered statistically significant.
Results
Formation of lung adenocarcinoma multicellular tumor spheroids 5-10 d after the induction of monoclonal SPC-A1 cells in serum-free medium using EGF and bFGF, multicellular tumor spheroids formed and they were named pulmospheres (Fig. 1) . The cells could grow in serum-free medium, which suggested that they possessed self sufficiency for growth signaling, an important characteristic of stem cells [12] .
Expression of stem cell markers RT-PCR analysis showed SP-C, the marker of type II alveolar epithelial cells (AT2), was expressed in the SPC-A1 cells (Fig.2) . This suggested that SPC-A1 cells belong to AT2 cell. Further results showed CCSP, the marker of BASC cells, and OCT-4, the marker of ESC, expressed lowly in the SPC-A1 cells. However, CCSP, OCT4 and Bmi-1 were highly expressed in the pulmosphere cells. This suggested that CSCs were enriched in the pulmospheres. miRNA expression Such miRNAs as hsa-miR-126, hsa-miR-145, hsa-let-7g, hsa-let-7d, hsa-let-7c, hsa-let-7e and hsa-miR-98 were reported to express lowlier in lung adenocarcinoma tissues than in normal tissues, and not to express in CSCs [13] [14] [15] [16] [17] [18] . RT-PCR analysis showed that these miRNAs were lowly expressed in SPC-A1 cells (Fig. 3) , and not expressed in the pulmosphere cells (Data not shown). This suggested that the pulmosphere cells possessed similar characteristics with CSCs.
Cell cycle and cell proliferation activity Flow cytometry study showed that fractions of G1, G2 and S phase of pulmosphere cells were 94.29 %, 2.26 % and 3.45 %, respectively, while those of SPC-A1 cells were 51.97 %, 14.15 % and 33.88 %, respectively (Fig. 4) . SPC-A1 and the pulmosphere cells were seeded in the wells of 96-well plates in the same concentrations and the proliferation curves were prepared using MTT method. The results showed that the pulmosphere cells possessed higher proliferation activity than the SPC-A1 cells (P < 0.01) (Fig. 5) .
Cell invasion activity Transwell invasion assays showed that few SPC-A1 cells cultured in DMED/F12 medium supplemented with 10% FBS and 100 ng/ml of IGF21 could cross Matrigel. However, much more pulmosphere cells (10 times as the SPC-A1 cells) could cross Matrigel and fall into the wells of 24-well plates (Fig. 6 ). This suggested that pulmosphere cells possessed higher invasion activity than the SPC-A1 cells.
Tumorigenicity of the pulmosphere cells Tumorigenicity activity assay showed that transplantation of 1×10 5 SPC-A1 cells could induce tumor in nude mice. In the same condition, 1×10
3 pulmosphere cells could induce larger tumor than SPC-A1 cells (Fig. 7) . Further HE staining showed that the histological and pathological features were the same as the tumor induced by SPC-A1 cells (Fig. 8) . This suggested that the tumorigenicity of the pulmosphere cells were 100 times as the SPC-A1 cells.
.
Discussion
In recent years, the incidence of lung cancer has increased, and non-small cell lung cancers (NSCLC) account for 80% of lung cancers. Lung adenocarcinoma is the main type of NSCLC, and its incidence has also increased in these years. So identifying the origin cells of lung adenocarcinoma and the tumorigenicity mechanism have become more and more important. As we know, cancer stem cells play important roles in the formation, development, recurrence and metastasis of many types of cancers [4] [5] [6] . Thus, isolation and identification of lung cancer stem cells is important for exploring effective measures for curing lung adenocarcinoma. In 2005, bronchioalveolar stem cells and mesenchymal stem cells have been identified from mouse lung [8] . In 2007, Ho et al [9] showed that side population cells of human lung cancer cell lines possessed higher tumorigenicity than the non side population cells, which suggested that the side population cells showed characteristics of stem cells.
Three methods were normally used to isolate cancer stem cells. One is based on specific surface markers; the second is based on the SP phenotype; the third is induction using growth factors in serum free medium. It was reported that CSCs of glioma, breast cancer, colon cancer, pancreatic cancer, prostate cancer and melanoma could form multicellular tumor spheroids by the serum-free culture method [19] . Using this method, CSC-rich multicellular tumor spheroids have been acquired from non-small cell lung cancer cell lines (H460 and A549) [20] and human lung cancer tissues [10, 21] .
In this paper, lung adenocarcinoma cell line SPC-A1 was induced in serum-free medium by EGF, bFGF and B27, and multicellular tumor spheroids formed. Further RT-PCR analysis showed that some CSC markers were expressed in these pulmosphere cells, and tumorigenicity assay showed that these cells possessed high tumorigenicity activity. The results suggested that EGF and bFGF induction is an effective method to obtain CSCs of lung cancer.
Some proteins have been used as lung cancer CSC markers. Most lung cancer cells express Clara cell secretary protein (CCSP) , the marker of Clara cell, and surfactant protein C (SP-C), the marker of alveolar type II (AT2) [22] . OCT4 forms transcription factor complex with Sox2 and Nanog and regulates the expression of 2260 genes engaged in chromatin conformation, DNA repair, cell proliferation and apoptosis. Thus it is an important regulation factor for self-renewal of stem cells and is a well-known CSC marker [23] [24] . Meanwhile, Bmi-1 provides unlimited proliferation activity to CSC through regulation of telomerase reverse transcriptase and tumor suppressor gene P16INK4, thus is regarded as an important CSC marker [24] [25] . TTF-1 was mainly expressed in terminal respiratory units such as alveolar epithelium cells and bronchial epithelial cells, thus it was the marker of normal cells or tumors of terminal respiratory units [26] . In most cases of lung adenocarcinoma, tumor cells differentiate to Clara cells or type II alveolar epithelial cells, so TTF-1 was expressed in most cases of adenocarcinoma, and was widely used for the differential diagnosis of lung adenocarcinomas [26] . ABCG2 is an important marker for hematopoietic stem cells, and has been used to isolate stem cells or CSCs [27] . In this paper, to evaluate the stem cell characteristics of the pulmosphere cells, real time RT-PCR was used to assay the expression of above mentioned markers of lung adenocarcinoma and stem cells. The results showed that OCT4 was expressed in low level in SPC-A1 cells, while the expression level increased dramatically in the pulmosphere cells. Furthermore, the high expression of Bmi-1 gene in the pulmosphere cells suggested their characteristics of embryonic stem cells. The pulmosphere cells also expressed markers of lung stem cells such as CCSP, SP-C, and TTF-1, which was similar to mouse BASC. These results suggested that the pulmosphere cells may be the CSCs of lung adenocarcinoma.
Many miRNAs were reported to be related with the development of tumors and differentiation of stem cells [28] . For example, let-7 was not expressed in human and mouse embryonic stem cells. However, with the differentiation of the stem cells, the expression of let-7 increased. Furthermore, the expression level of let-7 was much lower in many tumor tissues than in normal tissues [29] . It was reported that let-7 could inhibit caspase-3 activity and inhibit cell apoptosis, and negatively regulated expression of oncogenes such as Ras, HMGA2 and c-Mys, and cell cycle regulation factors such as CDC25A, CDK6 and CyclinD2 [29] . Thus let-7 was suggested to inhibit proliferation of cells, while enhance cell differentiation and apoptosis. Another miRNA, hsa-miR-145, could inhibit proliferation of stem cells of lung carcinoma cell line A549 by negatively regulating the expression of OCT4 [30] . The expression of hsa-miR-145 is normally low in adenocarcinoma, and transfection of hsa-miR-145 into adenocarcinoma cells could enhance apoptosis of the cells, especially those with EGFR gene mutation [17] . Furthermore, in non-small cell lung cancers, hsa-miR-126 inhibited cell adhesion, proliferation and metastasis through regulation of VEGF, which was involved in intracellular signal transduction pathway [14] . These results suggested that hsa-miR-126 possessed anti-cancer activity. In this study, we examined the expression of these mentioned miRNAs in the pulmosphere cells and the results showed that hsa-miR-126, hsa-miR-145, hsa-let-7g, hsa-let-7d, hsa-let-7c, hsa-let-7e and hsa-miR-98, which were with low expression levels in SPC-A1 cells, were not expressed in the pulmosphere cells. These results suggested that the pulmosphere cells possessed the characteristics of stem cells.
Furthermore, cell cycle analysis, cell proliferation and invasion assay were performed for the pulmosphere cells. Cell cycle analysis showed that 94.29% of the pulmosphere cells were in G1 phase, which was much higher than 51.97% of SPC-A1 cells. This result fit with the fact that most CSCs were in resting stage [31] . In the mean time, the proliferation and invasion activity of pulmosphere cells were apparently higher than those of SPC-A1 cells, which were the important characteristics of CSCs [4] [5] .
Tumorigenic activity is important method for identification of stem cells [32] . In this study, tumor formation experiments in nude mice showed that the obtained spherical cells had high tumorigenic activity, and further HE staining showed that the tumors showed the same pathological morphology with tumors formed by SPC-A1 cells.
In summary, by using serum-free method, we obtained pulmosphere cells which possessed characteristics of cancer stem cells.
